B
ISPHENOL A (BPA) IS USED TO manufacture polycarbonate resin and is a breakdown product of coatings that prevent metal corrosion in food and beverage containers. 1 In the US population, exposure is nearly ubiquitous, with 92.6% of persons 6 years or older identified in the 2003-2004 National Health and Nutrition Examination Survey (NHANES) as having detectable BPA levels in their urine. 2 A comprehensive, cross-sectional study of dust, indoor and outdoor air, and solid and liquid food in preschoolaged children 3 suggested that dietary sources constitute 99% of BPA exposure. BPA is rapidly excreted in urine, with a half-life in the range of 4 to 43 hours. 4, 5 However, BPA also has been detected in fat, 6 and urinary BPA concentrations do not decline rapidly with fasting time, suggesting that the compound accumulates in fat and other physiologic compartments. 4 In experimental studies, BPA exposure has been shown to disrupt multiple metabolic mechanisms, 7, 8 suggesting that it may increase body mass in environmentally relevant doses 9, 10 and therefore contribute to obesity in humans. This possibility has recently been explored in adults. One crosssectional study found an association between urinary BPA concentration and increased risk of obesity in adults in the US population, using the NHANES. 11 Other studies have demonstrated associations between urinary BPA concentration and adult diabetes, cardiovascular diagnoses, and abnormalities in liver func-tion. 12, 13 A longitudinal study of apparently healthy adults showed an association between baseline urinary BPA concentration and later-life coronary artery disease. 14 The special vulnerability of children to environmental chemicals 15 amplifies concerns about BPA exposure in this population. Although obesity reflects individual behaviors, the built environment, and possibly synthetic chemical obesogens, prior studies have heavily emphasized the first 2 of these factors rather than the third. 16 We therefore examined urinary BPA concentrations and body mass outcomes in 6-to 19-year-olds in the 2003-2008 NHANES.
METHODS

Data Source and Sample
The NHANES is a continuous, multicomponent, nationally representative survey of the noninstitutionalized US population administered by the National Center for Health Statistics (NCHS) of the Centers for Disease Control and Prevention. We used information from the questionnaire, laboratory, diet, and physical examination components of the NHANES, for which data are available in biennial groupings. Urinary samples-the source for BPA concentration in this studyhave been analyzed in a one-third subsample from the 2003-2004 survey forward; although BPA concentrations for 2009-2010 were available at the time of our analysis, dietary data were not.
Written consent, and child assent as appropriate, was obtained from parents/ guardians or participants after approval by the NCHS research ethics review board. The New York University School of Medicine institutional review board exempted this study from review because it is based on previously collected data that have been deidentified.
Measurement of Urinary BPA Concentration
Urinary BPA concentration was measured in 1 spot sample from each participant and analyzed using highperformance liquid chromatography and tandem mass spectroscopy. More extensive methodological description is provided elsewhere. 17 For urinary BPA concentrations below the level of detection (100 [3.5%]), we substituted the value of 0.3 ng/mL routinely assigned by the NHANES. To correct for urinary dilution, we controlled for urinary creatinine in all multivariable models, following usual practice. 2, 4 To assess possible systematic bias introduced by a change in the method used to measure urinary creatinine levels in 2007, we added a categorical variable representing NHANES wave to our final multivariable models as part of a sensitivity analysis.
Body Mass Outcomes
In the NHANES, trained health technicians assessed body measurements, following standardized procedures. 18 Body mass index (BMI), calculated as weight in kilograms divided by height in meters squared, was used to measure adiposity. Because BMI varies widely by age and sex, age-and sexstandardized BMI z scores are commonly used. These were derived using Centers for Disease Control and Prevention year 2000 norms. Overweight and obese were categorized as BMI z score of 1.036 or greater (85th percentile for age and sex) and 1.64 or greater (95th percentile), respectively. 19 Our primary study outcome was obesity, although we also examined overweight and BMI z score as secondary study outcomes.
Control for Potential Confounders
Trained interviewers fluent in Spanish and English elicited total 24-hour calorie intake in person, using standard measuring guides to assist reporting of volumes and dimensions of food items. 20 The physical activity variables changed during the study period, complicating the categorization of physical activity in children into low, medium, and high, as would be used to derive caloric needs using age-and sexspecific US Department of Agriculture guidelines. 21 As a conservative measure, we therefore assumed all participants to have high physical activity and categorized them as having "normal" and "excessive" caloric intake based on the daily caloric guidelines set for children with high physical activity, recognizing that this probably underestimates the extent to which some exceeded US Department of Agriculture calorie intake guidelines. We used daily hours of television watching to assess behavioral risk (with a cut point of Ն2 h/d, in light of the previous association with obesity in NHANES). 22 Because exposure to tobacco smoke is a risk factor for the metabolic syndrome in adolescence, 23 we included serum cotinine level in multivariable models. We categorized it into low (Ͻ0.015 ng/mL), medium (Ն0.015 to Ͻ2 ng/mL), and high (Ն2 ng/mL) categories, following previous practices. 24 Race/ethnicity was categorized into Mexican American, other Hispanic, non-Hispanic white, non-Hispanic black, and other, based on self-report by 17-to 19-year-olds and caregiver report in 6-to 16-year-olds. Caregiver education was categorized as less than 9th grade, 9th through 12th grade, high school/General Equivalency Diploma, some college, and college or greater. Poverty-income ratio was categorized into quartiles, within the sample for which urinary BPA concentration was measured. Age was categorized into 2 groups: 6 through 11 and 12 through 19 years.
To maximize sample size in multivariable analysis, "missing" categories were created for all potential confounders. Data on television watching were missing in 17.4% and on serum cotinine level in 11.1%. Otherwise, less than 5% of values were missing for any confounding variable. As a robustness check, we repeated our main multivariable analysis as a complete case analysis, omitting observations that had missing values for any of the covariates.
Statistical Analysis
Appropriately weighted univariable, bivariable, and multivariable analyses URINARY BISPHENOL A LEVELS AND CHILDHOOD OBESITY were conducted in a fashion that reflects the NHANES complex survey sampling design, using Stata 12.0 and following NCHS guidelines. 25 All analyses applied 2-sided tests, using a cutoff of P=.05 for significance. Because overweight and obesity are highly prevalent in our sample, we present adjusted odds ratios (ORs) along with estimated prevalences (which incorporate the complex sample weighting), based on multivariable models.
We also created unweighted sample quartiles for urinary BPA concentration and used these indicator variables to further allow for nonlinearity in tests of association. We performed 2 analyses of the association between urinary BPA quartile and the potential confounders named above and with categorical overweight and obesity.
To assess heterogeneity of association in subpopulations, we also developed regression models of the association between urinary BPA concentrations and obesity, controlling for urinary creatinine level, in strata defined by each of the potential confounding categorical variables described previously. As a further test of heterogeneity, we added stratumϫurinary BPA concentration interaction terms to whole-sample regression models controlling for urinary creatinine level to test those interactions for statistical significance. When interaction terms had PϽ.05, we interpreted this to confirm a stratum-specific effect.
Multivariable regression analysis was used to model BMI z score and logistic regression to model categorical overweight and obese. All initial models adjusted for urinary creatinine level, while final multivariable models also included race/ethnicity, age, caregiver education, poverty to income ratio, sex, serum cotinine level, and lifestyle characteristics (caloric intake and television watching). From the logistic models, we present adjusted ORs as well as estimated prevalences, which are probabilities calculated from the multivariable logistic models, including survey sampling weights and design. As an additional analysis, to investigate linearity of associations between urinary BPA concentrations and body mass, we reiterated all regression analyses substituting the logarithm of the urinary BPA concentration for quartiled concentrations. The log transformation was necessary because of the skewed distribution of urinary BPA concentrations in the study population.
Analysis for Specificity of Association
We also examined associations of urinary concentrations of several environmental phenols that are chemically similar to BPA and that were measured in the NHANES. Benzophenone-3 is widely used in sunscreens, 4-tertoctylphenol is used in detergents and other industrial cleaners, and triclosan is present in soaps, deodorants, shaving creams, and toothpastes. 26 These phenols are not routinely used in food packaging or aluminum can linings.
Urinary concentrations were categorized into quartiles (or in the case of 4-tertoctylphenol into detectable/ nondetectable) and examined for their association with indicators of body mass/obesity, adjusting for urinary creatinine level. Quartiles of these other phenols were also added individually to the final multivariable models, with obesity as an outcome.
RESULTS
During the study period (2003) (2004) (2005) (2006) (2007) (2008) , 9270 children and adolescents aged 6 through 19 years participated in NHANES. Our analytic sample comprisedthe2838nonpregnantparticipants randomly selected for measurement of urinary BPA concentrations. Median urinary BPA concentration was 2.8 ng/mL (interquartile range, 1.5-5.6). 27 As previously noted in analysis of the 2003-2004 NHANES sample, 2 distributions of urinary BPA concentrations differed by race/ethnicity, with a preponderance of lower concentrations in Mexican Americans and higher concentrations in non-Hispanic blacks. Concentrations were also lowest among children with caregivers at both educational extremes. Children with the lowest serum cotinine levels (Ͻ0.015 ng/mL) had a preponderance of lower urinary BPA concentrations. Caloric intake and television watching were not significantly associated with urinary BPA quartiles, but quartile was associated with overweight and obesity. interaction with race/ethnicity (eTable 1, available at http://www.jama.com).
Association of Urinary BPA Concentration With Obesity
In linear and logistic regressions of body mass outcomes against logtransformed urinary BPA concentrations (eTable 1), an interaction between white race and log-transformed BPA concentration was confirmed when obesity was the outcome (OR, 1.34 [95% CI, 1.05-1.72]; P = .02) but not when BMI z score was the outcome (PՆ.38 for interaction terms).
Although the association was stronger in male participants, interaction terms were not significant, suggesting absence of an interaction between sex and urinary BPA concentration (PՆ.30 for all 3 quartiles). When logtransformed urinary BPA concentrations were substituted for quartiled concentrations, a significant interaction between sex and urinary BPA concentration was not found (P=.23). There was little other evidence of heterogeneity of association in subgroups. 13 .7%-24.2%). The highest quartile was associated with a 0.22-SD (95% CI, 0.06-0.39, P = .008) increment in BMI z score, an OR of 2.57 for obesity (95% CI, 1.72-3.83; P Ͻ .001), and a 22.3% estimated prevalence of obesity (95% CI, 16.6%-27.9%). Corresponding ORs and increments in BMI z score are provided for all covariates in the full multivariable model, including stratified analysis, in eTables 2 and 3. We note that excessive caloric intake was inversely associated with elevations in body mass, which could reflect underreporting bias or behavioral changes by those children and their families to reduce body mass.
Specificity of Association
In bivariate analysis, urinary metabolites of other phenols were not associated with overweight or obesity (eTable 4), with the exception of urinary benzophenone level with obesity. However, that association was nonmonotonic and likely arose by chance. When added to final multivariable models with urinary BPA concentration quartiles, the other environmental phenols were not associated with obesity, nor did they significantly perturb associations of BPA concentration with obesity or BMI z score (eTable 5A and B). Inclusion of NHANES wave covariates to account for differences in method used to measure creatinine levels attenuated the association of third-quartile BPA concentration with BMI z score to P=.055 but did not affect other associations (eTable 6). In a complete case analysis (excluding all cases with missing covariates, n=1858), only association of the thirdquartile BPA concentration with BMI z score attenuated to nonsignificance. Relationships of log-transformed BPA concentration with BMI z score and categorical obesity remained significant (eTable 7).
COMMENT
To our knowledge, this is the first report of an association of an environmental chemical exposure with childhood obesity in a nationally representative sample. The association was evident when exposure and outcome were modeled in a number of different ways. For example, compared with the lowest quartile of urinary BPA concentration, values in the second, third, and fourth quartiles showed a substantial elevation in the odds of obesity, controlling for an array of potential confounders. This translates into an adjusted prevalence of obesity of 22.3% (95% CI, 16.6%-27.9%) among children in the highest quartile, compared with a 10.3% prevalence (95% CI, 7.5%-13.1%) among those in the lowest quartile. This cross-sectional study, when considered in isolation, is at best hypothesis generating. Relative to similar published cross-sectional studies of urinary BPA in adults, 11, 13 we included comparatively rich information about demographics, exposures, and lifestyle variables, thus providing more convincing evidence for nonspuriousness of the association. Our results are similar to associations of BPA concentration with obesity in adults identified using NHANES [2003] [2004] [2005] [2006] . 11 The absence of an association between body mass/obesity and levels of other environmental phenols argues for a specificity of association.
Obesity develops over time, and causation cannot be inferred from a crosssectional association of urinary BPA concentration with increased body mass, even when consistent with increasing laboratory evidence. 28, 29 Endocrine-disrupting chemicals such as BPA may have their greatest effect in early life 30 rather than in the period from ages 6 through 19 years examined in this study.
The relationship between BPA exposure and urinary BPA concentration is complex. In population studies, it is difficult to definitively document the relationship between BPA exposure and excretion in a way that would be possible in the laboratory. To date, there have been no pharmacokinetic studies in children. If BPA is rapidly and completely excreted, as suggested by the few adult pharmacokinetic studies to date, 5 then a single measurement of urinary BPA concentration would be a poor proxy for long-term exposure. Recent data from adults in NHANES 2003-2004, however, suggest that urinary BPA concentration does not decrease rapidly with fasting time, suggesting that it is stored in fat or other physiologic compartments. 4 Even if urinary BPA concentration does not solely reflect recent consumption, it is likely to be a "noisy" indicator of chronic exposure. Studies with serial measurements of urinary BPA have identified Pearson correlation coefficients in the range of 29% to 64% over 1-to 6-month periods. 26, 31, 32 Time of urine collection may also influence BPA concentration. 33 A recent study documenting within-person variability in urinary BPA levels nonetheless concluded that when "samples are collected from a large number of persons (e.g. population surveys like NHANES) and randomly collected relative to meal ingestion times and bladder emptying times, the single spot-sampling approach may reflect the average exposure of a population to BPA." 34 In addition, if current concentration of urinary BPA is a noisy index of early life exposure, our estimates of association should be biased toward the null. 35 Knowledge gaps also persist in understanding how food is contaminated with BPA. Although one detailed study has suggested that dietary sources constitute 99% of BPA exposure in children 3 and multiple studies have measured BPA levels in canned foods, 1, [36] [37] [38] data from a more representative and comprehensive sample of US foods are still lacking. BPA content in food perhaps reflects pH (with markedly acidic or alkaline foods likely to have lower BPA content compared with foods with a pH of 5) as much if not more than food type and packaging. 1 Racial/ethnic differences in urinary BPA concentrations and associations of urinary BPA concentration with body mass may also reflect differences in food choices. 2 Data from NHANES 2005-2006 suggest associations of consumption of soda, school lunches, and meals prepared outside the home-but not bottled water or canned tuna-with urinary BPA concentrations. 39 Insofar as food uses of polycarbonate plastics have been reduced (as reflected in the recent Food and Drug Administration [FDA] ban on BPA in sippy cups and baby bottles), 40 then examination of BPA content in US foods as currently produced is needed.
The nonmonotonic association with obesity identified here, even though it was also identified in adults, 11 could alternatively represent some unmeasured confounder in the first quartile of BPA concentration that lowers the prevalence of obesity. This concern is somewhat diminished by the linear relationship to the logarithm of urinary concentration. Perhaps more importantly, hundreds of studies to date have documented nonmonotonic doseresponse relationships in humans, animals, and cell cultures across a wide array of environmental chemicals. 41 Birnbaum 42 has emphasized that nonmonotonic associations are common for endocrine disruptors, have molecular mechanistic support, and should not be dismissed, especially as a matter of informing regulatory decision making.
Is our evidence consistent with reverse causation-for example, with obese children ingesting more BPAcontaining foods? Although we adjusted for caloric intake, we do not know whether the sources of calories consumed differ between obese and nonobese children. Obese children may drink more canned or bottled beverages, or eat more canned food, and thus have higher urinary BPA levels. Similarly, although we adjusted for excessive caloric intake and television watching-2 lifestyle-associated risks for childhood obesity-it may be that sedentary children consume foods high in BPA. Obese children could also have higher urinary BPA concentrations because BPA is stored and released from adipose tissue. We cannot rule out these alternative explanations in a crosssectional design.
Our finding of the specificity of association in white participants is only confirmed in interaction tests for obesity as an outcome and not for BMI z score. This specificity still merits further discussion but presents difficulty in interpretation. It could suggest spuriousness, if obese whites have unique dietary behaviors that otherwise would result in differences in urinary BPA concentrations-but we have no evidence that this is so. Another interpretation is that BPA exposure interacts with the genome or epigenome to yield different effects in racial/ethnic subgroups. The sex predilection of the association identified here, while not confirmed in models including interaction terms, is not surprising, given the known association of obesity with increased estrogen levels in males 43 and the mild estrogenic activity of BPA. 44 To date, research has primarily centered around the role of BPA in adult disease (with the exception of child neurodevelopment). 45 Although concerns have been raised over the last decade that synthetic chemicals might act as obesogens, few data have been available from human studies. Our national, cross-sectional analysis drawing on recent data is relevant and generalizable. Longitudinal studies with detailed data on potential confounders and other potential environmental obesogens collected at earlier windows of endocrine development (when exposures are more likely to have an effect 30 ) are needed. Advocates and policy makers have long been concerned about BPA exposure. We note the recent FDA ban of BPA in baby bottles and sippy cups, 40 yet our findings raise questions about exposure to BPA in consumer products used by older children. Last year, the FDA declined to ban BPA in aluminum cans and other food packaging, announcing "reasonable steps to reduce human exposure to BPA in the human food supply" and noting that it will continue to consider evidence on the safety of the chemical. 46 Carefully conducted longitudinal studies that assess the associations identified here will yield evidence many years in the future. The National Institutes of Health and other US government agencies 47 have encouraged such long-term studies of BPA and other putative obesogens. 28 
CONCLUSIONS
In this cross-sectional study of children and adolescents, urinary BPA concentration was significantly associated with obesity. For researchers, next steps could include research conducted among children already enrolled in longitudinal studies, measuring urinary BPA concentrations in banked samples. Ultimately, the strongest evidence will come from prospective studies with meticulous longitudinal data collection.
Responsibility, not to a superior, but to one's conscience, the awareness of a duty not exacted by compulsion, the necessity to decide which of the things one values are to be sacrificed to others, and to bear the consequences of one's own decisions, are the very essence of any morals which deserve the name.
